Abstract: A library of new bis-picolinamide ruthenium(III) dihalide complexes of the type RuX2L2 (X = Cl or I and L = picolinamide) have been synthesised and characterised. They exhibit different picolinamide ligand binding modes, whereby one ligand is bound (N,N) and the other bound (N,O). Structural studies reveal a mixture of cis and trans isomers for the RuCl2L2 complexes but upon a halide exchange reaction to RuI2L2, only single trans isomers are present. High cytotoxic activity against human cancer cell lines was observed, with potencies for some complexes similar to or better than cisplatin. Conversion to RuI2L2 substantially increased activity towards cancer cell lines by >12-fold. The RuI2L2 complexes displayed potent activity against the A2780cis (cisplatin-resistant human ovarian cancer) cell line, with >4-fold higher potency than cisplatin. Equitoxic activity was observed against normoxic and hypoxic cancer cells, indicating the potential to eradicate both the hypoxic and aerobic fractions of solid tumours with similar efficiency. Selected complexes were also tested against non-cancer ARPE-19 cells. The RuI2L2 complexes are more potent than the RuCl2L2 analogues, and also more selective towards cancer cells with a selectivity factor >7-fold.
Introduction
The use of trans dihalide ancillary ligands in the design of new anti-cancer drugs, based on the structure of transplatin, has received little attention for many years, due to early studies showing the trans-Pt complexes to be inactive due to high kinetic instability. [1] However, in recent years, examples of active trans-Pt anti-cancer complexes (Figure 1 ) have been reported. [2] [3] [4] [5] [6] [7] [8] [9] In 1993, Coluccia et al. substituted the ammine in both cisplatin (a) and transplatin (b), for imino ether substituents and showed the trans geometry (c) to have the greatest in vitro cytotoxicity against P388 leukemia cells. [2] Kelland et al. showed that addition of a benzene ring to transplatin resulted in a trans complex, JM335 (d), that is >3-fold more active than its cis analogue. [4] Unlike transplatin, JM335 produced an increase in inter-strand crosslinking with an increase in drug concentration. Farrell et al. synthesised compounds of the type trans-[PtL2Cl2] (e) and showed they are as active as cisplatin against a range of cell lines and are dramatically more active than transplatin. [10] More recently, Sadler et al. reported a trans-Pt(N3)2(OH)2(Py)2 complex (f) which is photo-activated by visible light at 420 nm, and is more potent upon light irradiation. [9] 
Figure 1 Previously reported trans-Pt complexes a-f
Ruthenium-based complexes are some of the most promising anti-cancer drugs, with reported selective potency in vitro and in vivo (Figure 2) . [11, 12] However, there has been a lack of suitable trans ruthenium derivatives due to the propensity of the molecules to undergo isomerisation. The first reported cytotoxic transruthenium complexes were KP1019 (g) [13] [14] [15] and NAMI-A (h), [16] [17] [18] [19] which in Phase I clinical trials were well tolerated showing only limited side effects. [20, 21] NAMI-A has also undergone Phase II clinical studies in combination with gemcitabine, however, this combination had some adverse toxicity and failed to show any improvement in results compared to gemcitabine treatment alone. [22, 23] The activity of NAMI-A is likely to involve multiple mechanisms. At a physiological pH of 7.4 it can undergo hydrolysis leading to release of chloride and DMSO and the formation of a number of potentially active species. [19, [24] [25] [26] The activity of NAMI-A is also influenced by its redox status. Reduction of NAMI-A strongly depends on pH and is accelerated on increasing the pH resulting in the generation of active Ru(II) product(s). [27] Amongst potential intracellular targets, reduced NAMI-A binds human serum albumin. [28] Unlike cisplatin, DNA is not the main pharmacological target for NAMI-A, although it has been reported that this complex can bind to DNA and inhibit DNA replication in vitro. [29, 30] KP1019 is thought to be reduced in vivo to an active Ru(II) species and also offers a different mode of action to cisplatin, with increased selectivity. [21, 31] KP1019, like NAMI-A, also reacts with human serum proteins, including human albumin and transferrin. [32, 33] KP1339 (i), the sodium salt of KP1019, has better solubility that KP1019 [34, 35] and has shown promising results in both Phase I and II clinical trial. [36, 37] More recently new ruthenium-nitrosyl complexes of the type (H2ind)[RuCl4(NO)(Hind)] (j) were reported, in which both the cis and trans isomers exhibit time-dependent responses against human cancer cell lines. [38, 39] with the trans-isomer displaying higher anti-proliferative activity than the analogous cis-isomer.
Figure 2 Previously reported trans-ruthenium complexes g-j
Ruthenium complexes of the type RuX2L2 (X = halide, and L = bidentate ligand) were seen previously to undergo isomerisation, giving rise to six different structural geometries (Figure 3) , this includes the cis-cis-cis enantiomer. [40] Reedijk et al. have reported the anti-cancer activities of Ru(azpy)2Cl2 complexes with differences in their activities due to different structural isomers. The trans geometries were found to have very low cytotoxicity against a series of cancer cell lines. [41, 42] More recently, Glazer et al. has compared the activities of cis-Ru(bpy)2Cl2 with transRu(qpy)Cl2, showing the trans isomer to be 7-10 times more active than the cis. [43] This propensity for the formation of different isomers is one of the reasons that there has been much effort dedicated to the synthesis and development of transition metal based candidates that are based on the molecular architecture associated with M-arene, [44] [45] [46] [47] [48] [49] [50] [51] MCp*, [47, [52] [53] [54] [55] [56] [57] and ferrocene derivatives. [58, 59] Figure 3 Possible structural isomers for ruthenium complexes of the type RuX2L2; enantiomers for cis-cis-cis structure are also shown.
The complexation of ruthenium with picolinamide ligands is of interest because of its relevance to previously reported metal-ion peptide chemistry, and the possibility of different ligand binding modes that can potentially alter the biological activity of the complexes. [60] [61] [62] [63] [64] [65] [66] [67] [68] These ligands are able to bind to the metal center either via the monoanionic (N,N) or (N,O) donors through loss of the amide proton, or as neutral (N,O) donors. [68, 69] Different coordination modes of metal functionalised amide complexes have been shown to affect the activity towards cancer cells. [70] [71] [72] The different coordination modes of picolinamide derivatives have also been shown to dramatically affect the potencies of the compound. [50] The (N,N) bound complexes undergo rapid hydrolysis, bind with guanine and are cytotoxic to cancer cells, whereas the (N,O) bound complexes showed low activity and undergo slow hydrolysis. Herein we report on the synthesis and evaluation of a library of new ruthenium complexes of the type RuX2L2 (X = Cl or I, and L = bidentate functionalised picolinamide ligands), whereby one ligand coordinates (N,N) and the second ligand coordinates (N,O) to the ruthenium metal center. The synthesis of such complexes follows a known synthetic procedure by Chan et al., [73] in which the complex 6 reported here was assessed as a potential catalyst for the epoxidation of cyclic alkenes. Bhattacharya et al. has also synthesised similar complexes consisting of one or three picolinamide (L) ligands, [Ru(L)(PPh3)(H)(CO)] and [Ru(L)3] respectively with the ligands all bound (N,N) to the ruthenium metal center. [68, 74] . We report on halide exchange reactions to yield the bis iodide complexes, [RuI2(L)2], which give single trans isomers, thus potentially minimising any future drug formulation issues due to the presence of multiple isomers with different effects or potency. These complexes have been measured in both solid state and solution in order to identify the potential isomers present. The trans isomers show surprisingly high cytotoxicity, with IC50 values in the nanomolar range, and high selectivity towards cancer cells.
Results and Discussion

Synthesis of Bis-Picolinamide Ruthenium(III) Dihalide Complexes
The picolinamide ligands were synthesised via a known literature preparation, from picolinic acid and a functionalised aniline. 58 Compounds 1-16 were prepared by reacting RuCl3.3H2O with two equivalents of functionalised picolinamide ligand and heating at reflux for 2 hours in ethanol, in the presence of one equivalent of triethylamine (Scheme 1a). Complex 6 has previously been reported by Chan et al. [73] and was synthesised for pairwise comparison with its diiodide analogue, and to complete our library of RuX2L2 structures. Compounds 17-31 were synthesised by a halide-exchange reaction of the ruthenium dichloride complexes with an excess of KI, by refluxing in ethanol overnight (Scheme 1b). [75, 76] We have analysed the IR spectra of the picolinamide ligand precursors and the ruthenium dihalide complexes, which also verified successful complex synthesis. The spectra show CO and NH stretches for the ligand precursor at ~1690 cm -1 and ~3300 cm -1 respectively. Upon complexation, these peaks were shifted to lower wavenumbers of ~1590 cm -1 and ~3060 cm -1 respectively, for both the RuCl2L2 and RuI2L2 complexes. Magnetic susceptibility measurements also confirmed all the ruthenium dihalide complexes to be in the +3 oxidation state and low-spin d 5 with one unpaired electron (µeff = 1.60-2.53 µB).
Structural Characterisation
Six structural isomers are possible for complexes of the type RuX2L2, as shown in Figure 3 . [77] The RuCl2L2 complexes gave red single crystals from vapor diffusion of pentane into methanol or hexane into methanol, and black/green single crystals for the RuI2L2 complexes which were obtained from vapor diffusion of diethyl ether into DMF. The molecular structures for RuCl2L2 complexes 1, 3, 5-7, 9, 11-13 and 15-16, and for RuI2L2 complexes 18, 19, 28 and 29, as determined by X-ray crystallography, are presented in Figure 4a -b and Figure 5 respectively. Complex 6 was previously reported as the cis(X)-cis(N,N)-trans(N,O) conformer, [73] however, here we crystallised the complex as the cis(X)-cis(N,N)-cis(N,O) conformer. Selected bond lengths and angles are stated in Tables 1 and 2 for RuCl2L2  complexes and Table 3 for RuI2L2 complexes. The X-ray crystallography data is detailed in the Tables S3-S5 (Supplementary Information). The picolinamide ligands bind to the ruthenium metal center in a (N,N) and (N,O) bidentate fashion, as confirmed by their crystal structures, giving a ruthenium complex with a +3 oxidation state. Upon recrystallisation of complexes 1, 7 and 16, different crystal morphologies were observed in the crystallisation vials. X-ray crystallographic analysis of the different morphologies confirmed that these complexes co-crystallise as a mixture of isomers, and their structures are shown in Table 1 and 2 for RuCl2L2 and Table 3 for RuI2L2). 
Powder X-ray Diffraction
Powder diffraction studies were carried out on both RuCl2L2 and RuI2L2 compounds, using both the bulk sample and single crystals. The diffractogram obtained for the RuCl2L2 complex 7 was overlaid with both the simulated cis and simulated trans geometries, and shows that in the bulk sample, multiple isomers are present (Figure 6 ), which correlated well with the observed multiple morphologies in the crystallisation vials.
Powder diffraction studies on the RuI2L2 complex 18 for both simulated and single crystals were analysed and show the bulk powder sample contains only a single stable trans geometry (Figure 7 , black). This result is consistent with the crystal morphology observed in the crystallization vial, whereby only trans isomers of the RuI2L2 complexes were isolated. The simulated pattern for the trans geometry is the same as the single crystal structure and indicates that the RuI2L2 complex only exists as a single trans geometry in solid-state. Hydrogen atoms and solvent molecules are omitted for clarity and displacement ellipsoids are at the 50% probability level (shown only for the heteroatoms). Figure 6 Powder X-ray diffractograms for RuCl2L2 complex 7, showing simulated cis or trans geometry (red and black) and experimental data (blue).
Cell Line Chemosensitivity Studies
The bis-picolinamide ruthenium(III) dihalide complexes were tested for their cytotoxicity against three human cancer cell lines, A2780 (human ovarian cancer), A2780cis (cisplatin-resistant human ovarian cancer) and HT-29 (human colorectal cancer).
Figure 7
Powder X-ray diffractograms of RuI2L2 complex 18 showing simulated trans geometry (blue) and experimental data (black).
To assess selectivity towards cancer cells, cytotoxicity towards an epithelial non-cancer cell line (ARPE-19) was also determined.
The IC50 values for these compounds and cisplatin, which is in clinical use for treatment of human ovarian cancer, are shown in Table 4 . Against A2780 cancer cells, the unsubstituted picolinamide ruthenium dichloride complex 1 was found to be moderately active with an IC50 value of 24 ± 1.6 µM. Addition of a substituent to the phenyl ring of the picolinamide ligands generally increased potency especially when a substituent was placed in the meta or para position (Table 4 , complexes 3, 7, 8, 12, 13, 23, 24, 28 and 29). The most active ruthenium dichloride complex against A2780 cells was complex 12, which has a bromide substituent in the meta position on the phenyl ring of the picolinamide ligand, with an IC50 value of 3.3 ± 0.2 µM, comparable with that of cisplatin (1.4 ± 0.3 µM). The least active is complex 5 which has a 2',5'-difluoro substituent and only a moderate IC50 value of 45 ± 2 µM. A similar trend for the ruthenium dichloride complexes was observed against the cisplatin-resistant A2780cis cancer cell line with the exception of fluoride substituents, where ortho-fluoro (2) was more active than para-fluoro (3). Complexes 7, 8 and 12, which were amongst the most active ruthenium dichloride complexes against the A2780 cancer cells, were all more active than cisplatin against A2780cis cancer cells, with IC50 values of 6.7 ± 0.1 µM, 4.4 ± 0.4 µM and 6.0 ± 0.4 µM respectively, compared to an IC50 value of 11.0 ± 0.6 µM for cisplatin (p < 0.01, for complexes 7, 8 and 12 compared to cisplatin). Interestingly, para-chloro complex 8 was ~2-fold more cytotoxic (p < 0.01) towards the cisplatin-resistant A2780cis cancer cells than the A2780 cisplatin-sensitive cells (Figure 8 ).
In addition to complex 8, complex 10 and ruthenium diiodide complexes 25 and 31 were also more active towards the cisplatinresistant cells than the parental cisplatin-sensitive A2780 cells (Figure 8) . Furthermore, many of the ruthenium diiodide complexes were equally active against A2780 and A2780cis cells (complexes 17, 20, 21, 24 and 30) than the corresponding ruthenium dichloride complexes (Figure 8 ). There are currently only a few organometallic complexes that have been shown to overcome mechanisms of cisplatin resistance in cancer cells. [78] [79] [80] These results suggest that these complexes may be able to circumvent cisplatin resistance mechanisms in ovarian cancer cells, [81] [82] [83] [84] which is a critical goal in developing new organometallic complexes with high cytotoxic activity against cancer cell lines.
Against HT-29 cells, complexes 1, 7, 12, and 13 showed very similar activity to that observed against the A2780 cancer cells. However, the majority of ruthenium dichloride complexes were significantly more active against HT-29 cells. For example, complex 9 showed poor activity against A2780 cells (IC50 = 41.0 ± 0.7 µM) but was approximately 4-fold more active (p < 0.01) against HT-29 cells (IC50 = 9.7 ± 0.3 µM). Further studies are required but this suggests that some of the complexes may have preferential activity towards certain cancer cell types. The least active complex against HT-29 cells was unsubstituted complex 1, with the addition of a para or meta substituent on the phenyl ring of the picolinamide ligand, the compounds generally increase in cytotoxicity. The effects of converting ruthenium dichloride to diiodide were also compared for each of the fifteen different picolinamide complexes (Table 4) . Unexpectedly, replacement of ruthenium dichloride with diiodide resulted in remarkably higher potency for most of the complexes and this was observed against all three human cancer cell lines tested (Figure 9) . The ruthenium dichloride complex 9 (R = 2',4'-Cl) is one of the least cytotoxic in the series, and substitution of dichloride with diiodide increases the IC50 values >12-fold. Against cisplatin-resistant A2780cis cancer cells, over half of the diiodide complexes were more active than cisplatin. In particular, compounds 23, 24, 28 and 29, were particularly potent with IC50 values of 2.4-3.3 µM compared to 11 µM for cisplatin. Against all three cancer cell lines, diiodide complexes 24 (4'-Cl) and 29 (4'-Br) were highly potent with >4-fold higher cytotoxicity against the A2780cis cancer cells than cisplatin, and show nanomolar potency towards HT-29 cancer cells ( Table 4) .
Selectivity Towards Cancer Cells
A major limitation of many existing anti-cancer drugs is poor selectivity towards cancer cells. This restricts the drug dosage that can be used and thus effectiveness of treatment, as well as resulting in harmful side effects for the patient. Here we have compared the responses of cancer cells and non-cancer ARPE-19 cells, to a subset of the complexes to obtain a preliminary indication of their cancer selectivity (Figure 10; complexes 3, 4,  8, 9, 13, 14, 17, 19, 20, 24, 25, 29 and 30) . The results are expressed as the selectivity index defined as the ratio of the mean IC50 for the normal ARPE-19 cells (Table 4) Based upon their potency, selective activity and lack of cross resistance with cisplatin, diiodide complexes 25 and 30 appeared particularly promising as potential lead compounds and were further analysed for their activity with very short cellular exposure times (Table S7, Supplementary Information). Whilst complexes 25 and 30 showed very similar activity against HT29 cells with 5 days continuous exposure (3.4 vs 4.3µM), notable differences were observed with short drug exposure times. With 1, 3 and 6 hours drug exposure times, complex 30 was consistently the more active with an IC50 of 30 µM for 1h exposure decreasing to 20 µM for 6 h exposure compared to an IC50 of 49 µM for complex 25. Whilst there are number of possible reasons for these differences, this indicates the need for future further pharmacological evaluation of the most promising compounds.
Chemosensitivity Under Hypoxic Conditions
Due to poor and chaotic tumour vasculature, a proportion of the cancer cells within a solid tumour are in a hypoxic (low oxygen) environment. [85] These cancer cells are typically more resistant to chemotherapy [86] and there is a pressing need for new anti-cancer drugs whose activity is not adversely affected by hypoxia. [85, 87] To assess the impact of hypoxia on the potency of these novel bispicolinamide ruthenium complexes, the cytotoxicity of several of the complexes were compared for HT-29 colorectal cancer cells growing under normal oxygen conditions versus under hypoxia (0.1% O2). The two most potent ruthenium dichloride (7, 12) and diiodide (24, 29) complexes were selected activity assess towards cells in hypoxic conditions. Table 5 shows the normoxic and hypoxic IC50 values against HT-29 cells for complexes 7, 12, 24 and 29, along with, tirapazamine (TPZ), a hypoxia-activated drug, [88] which was used to validate the hypoxic conditions. As expected, TPZ was significantly more active under hypoxic conditions than normoxia. All four of the dihalide complexes tested retained their potency under hypoxic conditions with very similar activity observed under normoxic and hypoxic conditions. For complexes 24 and 29 a slight increase in IC50 values up to 1.3 µM was observed but this was found to be statistically insignificant (p > 0.05). Whilst none of the complexes showed preferential activity towards hypoxic cells, importantly, the equitoxic activity observed indicates that these complexes could potentially be used to target both the hypoxic and aerobic fractions of solid tumours with similar efficiency. 
Impact of Hydrolysis on Biological Activity
The cytotoxicity of cisplatin, [89] [90] [91] [92] is dependent on its hydrolysis, [93] however recent computation studies suggest no involvement of cis-[Pt(NH3)2(OH2)2] 2+ and cis-[Pt(NH3)2(OH2)(OH)] + in the mode of action of the drug. [94] As discussed previously, the modes of action of both NAMI-A and KP1019 are thought to be due to the reduction of Ru(III) to Ru(II). [24, 27] However, ruthenium "piano-stool" complexes with ancillary halide ligands have been shown to hydrolyse and bind to nucleobases bases, [50, 95, 96] in which the intermediate is thought to be a cationic di-hydrated or monohydrated species under physiological conditions. The hydrolysis potential has been assessed here for both RuCl2L2 and RuI2L2 complexes, in which both the di-hydrated or mono-hydrated species could form (Scheme 2). [97, 98] Scheme 2 Proposed hydrolysis scheme of the bis(picolinamide) ruthenium(III) dichloride complexes to cationic mono-and di-aquated intermediates.
Compounds 3, 5, 7, 10, 12 and 14 were analysed in aqueous solutions as these represent some of the most active ruthenium dichloride complexes (7, 12) and some of the least active (5, 10) across the cell lines tested. ES-MS analysis of compounds 3, 7 and 12 were obtained and peaks were detected which can be assigned to a di-hydrated species. In contrast, for compounds 5, 10 and 14, the detected peaks can only tentatively be assigned to the mono-hydrated species ( Figure S15 and Figure S17 ). UV-Vis spectra were monitored over time to confirm the species in aqueous solution. The spectra observed for all RuCl2L2 compounds show a decrease in Amax in the region of 200320 nm, and predominantly hypsochromic shifts ranging from 11414 eV ( Table S8) . A decrease in Amax is observed in the region of 550650 nm which could suggest a MLCT, however the spectral peaks are too broad to assign specific hypsochromic shifts and charge transfer bands. Therefore, the changes observed in all UV-Vis spectra at shorter wavelengths have been assigned to intraligand * transitions. [99] ES-MS analysis was also obtained for the RuI2L2 compounds 23, 26, 27 and 28, and the peaks were tentatively assigned to the mono-hydrated species for all four compounds ( Figure S16 ) and the UV-Vis spectra also show changes in the MLCT region but are too broad to assign to specific charge transfer bands ( Figure S9 ). All compounds show hypochromic nature when monitored in aqueous solution over time, which also correlates to a decrease in initial concentration of both the RuCl2L2 and RuI2L2 compounds. The decrease in initial concentration has been plotted against time (Figure 11 ) and shows the largest effects for the RuI2L2 compounds, which are the most active against all cell lines tested. UV-Vis data also shows isosbestic points, suggesting the halide compounds are in equilibrium with a possible hydrated species, which is potentially the active compound and therefore hydrolysis may be the key to the high activities observed for the diiodide compounds.
Conclusions
We have presented a library of 31 bis-picolinamide ruthenium(III) dihalide complexes, which contain a mixed ligand system where one picolinamide ligand is bound (N,N) , whilst the other is bound (N,O) . The RuCl2L2 and RuI2L2 compounds have been prepared to allow pairwise comparison of the effects of dihalide ligand. Xray crystallographic analysis has been obtained for fifteen of the new compounds, and confirms the binding mode of the picolinamide ligand, and that these complexes are all in the +3 oxidation state. Some of the RuCl2L2 complexes were found to cocrystallise with different crystal morphologies reflecting their ability to form more than one structural isomer and switch isomeric isomer was obtained for the RuI2L2 complexes. This has been confirmed by single crystal X-ray crystallography and powder Xray diffraction. The ability to synthesise and purify single isomers of the diiodide complexes is very important for the further development of these complexes as potential drugs. Through knowing the configuration of the active drug and being able to synthesise these as single isomers, this eliminates future potential isomer-related formulation issues. The library of complexes was evaluated against several different human cancer cell lines for potential cytotoxic activity. Many of the complexes showed significant cytotoxicity with IC50 values commonly in the low M range. Activity was both ligand-and structure-dependent with several clear structure-activity relationships emerging. As exemplified by cisplatin and transplatin, historically trans isomers have generally been found to be less active than their cis isomers. Interestingly, this study identifies picolinamide ruthenium (III) diiodide complexes which form a single trans isomer, that are significantly more potent than their dichloride analogues which form a mixture of cis and trans isomers. For both ruthenium dichloride and ruthenium diiodide complexes, enhanced potency was also consistently observed when an electron-withdrawing substituent was placed in the meta or para position on the picolinamide ligand.
A preliminary evaluation of the selectivity of these picolinamide ruthenium(III) dihalide complexes towards cancer cells versus non-cancer cells was undertaken. The ruthenium diiodide complexes, as well as being more potent (Table 4) were also more selective towards cancer cells than their dichloride analogues (Figure 9 ). For both ruthenium diiodide and ruthenium dichloride complexes, substitution of R = 4'-F/Cl/Br with R = 2',4'-diF/diCl/diBr reduced potency, however, these substitutions increased cancer selectivity (Figure 10 ) indicating the importance of assessing both potency and selectivity in selection of potential lead compounds for further investigation.
The picolinamide ruthenium (III) dihalide complexes were evaluated for activity against the cisplatin-resistant human ovarian cancer cell line A2780cis. Importantly, many of the diiodide complexes showed good activity against the cisplatinresistant human ovarian cancer cell line A2780cis, with several complexes being more potent against cisplatin-resistant A2780 cancer cells than cisplatin-sensitive A2780 cancer cells. In the development of new organometallic anti-cancer drugs, there is a need for compounds that are not cross resistant with cisplatin and have good selectivity towards cancer cells as opposed to normal cells. These studies have identified a number of highly potent compounds that have good activity against cisplatin resistant A2780 cells and good cancer cell selectivity. Of all the compounds tested, complexes 25 and 30 particularly emerge as good lead candidates for further evaluation based on their potency ( Table  4) , lack of cross resistance in the cisplatin resistant A2780cis cells (Figure 8 ) and good selectivity towards cancer cells compared to normal cells (Figure 10 ). Studies were performed in aqueous solution to gain an understanding of hydrolysis steps in the compounds mode of action. UV-Vis and ES-MS data suggest the possibility of hydrated species in aqueous solution, and the decrease in concentration of the initial compounds is most significant for the RuI2L2 compounds. These hydrated species are potentially the active species; however, further studies are required in order isolate these products and understand their effects in vitro. Understanding the mode of action of these intermediate species could help to enhance both potency and cancer selectivity by tuning compound design.
Experimental Section General
All complexes are air stable and the reactions were carried out in air. Chemicals were obtained from Sigma-Aldrich Chemical Co., Acros Organics, Alfa Aesar and Strem Chemical Co., and unless otherwise stated were used as supplied. General preparation and characterisation data by IR, ES+MS, µeff values and microanalysis for complexes 1 -31 are reported here. In addition, general preparation and characterisation data for N-Ph-picolinamide ligands are also given.
Instrumentation
All NMR spectra were recorded on a Bruker DPX 300 spectrometer, a Bruker DRX 500 spectrometer or a Bruker DRX 500 spectrometer. Elemental analyses were acquired at the University of Leeds Microanalytical Service. Mass Spectra were recorded on a Bruker maXis impact mass spectrometer or on a Micromass ZMD spectrometer with electrospray ionisation and photoiodide array analyser at the University of Leeds Mass Spectrometry Service. Infrared spectra were obtained using a Platinum ATR Spectroscopy on a crystal plate with samples analysed using OPUS software. Magnetic susceptibilities were measured using a Sherwood Scientific Susceptibility at room temperature.
Elemental Analysis
All biologically evaluated compounds must demonstrate a purity >95%, and so the compounds synthesised within this report have been analysed using elemental (CHN) analysis, by a means of combustion. This technique requires the sample to be burned in an excess of oxygen and has a variety of traps which collect the combustion products: CO2, H2O and N2. These masses are then used to help calculated the masses of the 'unknown' product. The experimental values are compared with the calculated values of the sample, and all synthesised compounds herein are within 0.5% of the calculated values.
X-ray crystallographic analysis
A suitable single crystal was selected and immersed in an inert oil. The crystal was then mounted on a glass capillary and attached to a goniometer head on a Bruker X8 Apex diffractometer using graphite monochromated Mo-K radiation ( = 0.71073 Å) or Agilent SuperNova Xray diffractometer fitted with an Atlas area detector and a kappa-geometry 4-circle goniometer, using graphite monochromated Mo-K radiation ( = 0.71073 Å) or Cu -K, ( = 1.5418 Å), using 1.0° -rotation frames. The crystal was cooled to 100-150 K by an Oxford Cryostream low temperature device. [100] The full data set was recorded and the images processed using APEX2 [101] or CrysAlis Pro software. [102] Structure solution by direct method was achieved through the use of SHELXS programs, [103] and the structural model defined by full matrix least squares on F 2 using SHELX97 [104] and SHELXS 2014/7. [105] Molecular graphics were plotted using Mercury. [106] Editing of CIFs and construction of tables and bond lengths and angles was achieved using WC [107] and PLATON, [108] or Olex2 program. [109] Unless otherwise stated, hydrogen atoms were placed using idealised geometric positions (with free rotation for methyl groups), allowed to move in a "riding model" along with the atoms to which they are attached, and refined isotropically. SQUEEZE [110] routine was used to remove disordered solvent molecules present in complex 7 and 12.
Cell Line Chemosensitivity Studies
In vitro chemosensitivity tests were performed by the MTT assay against A2780 (human ovarian adenocarcinoma), A2780cis (human ovarian cisplatin resistant adenocarcinoma), HT-29 (human colon adenocarcinoma) and ARPE-19 non-cancer cell lines. Cells were incubated in 96-well plates at a concentration of 2 × 10 3 cells /well for 24 hours at 37 °C in an atmosphere of 5% CO 2 prior to drug exposure. Complexes 1-31 were all dissolved in dimethylsulfoxide and diluted further with medium to obtain drug solutions ranging from 250 to 0.4λ M. The final dimethylsulfoxide concentration was 0.1% (v/v) which is non-toxic to cells. Drug solutions or DMSO solvent control were applied to cells and incubated for 5 days at 37 °C in an atmosphere of 5% CO 2. For short drug exposure times, after 1, 3 or 6 h media containing the drug was removed and the cells washed twice with PBS before addition of fresh complete media for a further 5 days. Cell survival was determined using the MTT assay as described. [48] On day 5, MTT (20 µL of a 5 mg/mL stock) was added to each well and plates were incubated for a further 3 hours at 37 °C in an atmosphere of 5% CO2. The solutions were then removed and 150 L of dimethylsulfoxide was added to each well to dissolve the purple formazan crystals. A Thermo Scientific Multiskan EX microplate spectrophotometer was used to measure the absorbance at 540 nm. Lanes containing medium only and cells in medium (no drug, solvent control) were used as blanks for the spectrophotometer and 100% cell survival respectively. Cell survival was determined as the absorbance of treated cells divided by the absorbance of controls and expressed as a percentage. The IC50 values were determined from plots of % survival against drug concentration. Each experiment was repeated 3 times and a mean value obtained.
Chemosensitivity Under Hypoxic Conditions
The hypoxia assay was conducted according to the protocol stated previously for normoxic conditions. However, during the incubation period, the addition of the drug dilutions and the addition of the MTT solution were carried out inside a Don Whitley Scientific H35 Hypoxystation which was set at 0.1% O2. Drug solutions of complexes and tirapazimine (TPZ) were incubated for 5 days and cell survival was determined using the MTT assay as described.
Hydrolysis Studies
Samples were prepared by dissolving complexes 3, 5, 7, 10, 12 and 14 in 10% methanol, and complexes 23, 26, 27 and 28 in 10% DMF, followed by the addition of 90% deionised water to give a final concentration of 70 µM. These aqueous solutions were scanned at various time points by UVVis Spectrophotometry over 5 days at 293 K. The concentration of the complex was determined from a calibration curve or each complex taken at a specific wavelength of maximum absorbance to calculate the percentage of hydrolysed complex.
Data Analysis
Statistical analysis of the results was conducted using Student's t-test. For p-values < 0.05 are considered as significant, and p values < 0.01 as very significant.
N-Ph-picolinamide Ligand Preparation
The ligands used for complexes 1-10 and 16-26 have been previously reported, [19b] and were prepared using the same synthetic route, which is a modification of the published procedure by Bhattacharya et al. [19b] The yields varied in the range 37-69%. The general procedure of and characterisation data of new ligands L11-15 (used for complexes 11-15 and 27-31) are also provided.
Functionalised aniline (25 mmol) was added to a solution of pyridine-2-carboxylic acid (25 mmol) in pyridine (15 ml) and warmed to 50°C for 15 minutes. To this mixture, triphenylphosphite (25 mmol) was added and heated to 110°C for 18 hours yielding an orange solution. Addition of water (100 ml) yielded a white paste, to which dichloromethane (40 ml) was added and the organic layer separated from the aqueous layer. The product in the aqueous layer was extracted with 1:1 (v/v) aqueous HCl (3 x 100 ml). To neutralise the extract, sodium bicarbonate was added until pH 7. The brown solid was isolated by filtration then washed with distilled water. After recrystallisation of the product from methanol, washing with water and drying in vacuo, yields pale brown needle-like crystals. 
Preparation of Complexes 17-31
Functionalised N-phenyl picolinamide (0.80 mmol) was added to a solution of RuCl3.3H2O (0.40 mmol) in ethanol (30 mL), followed by addition of triethylamine (0.40 mmol). The solution was heated under reflux for 2 hours giving a red-orange solution. An excess of KI (4 mmol) was added and the solution heated under reflux for 18 hours resulting in a dark coloured solution. The solid was filtered, washed with water to remove KCl, dried in vacuo and recrystallised via vapour diffusion in DMF-ether yielding black/green crystals.
